Apolipoprotein E (ApoE) is a secreted apolipoprotein with three isoforms, E2, E3, and E4, that binds to lipids and facilitates their transport in the extracellular environment of the brain and the periphery. The E4 allele is a major genetic risk factor for the sporadic form of Alzheimer's disease (AD), and studies of human brain and mouse models have revealed that E4 significantly exacerbates the deposition of amyloid beta (A␤). It has been suggested that this deposition could be attributed to the formation of soluble ApoE isoform-specific ApoE-A␤ complexes. However, previous studies have reported conflicting results regarding the directionality and strength of those interactions. In this study, using a series of flow cytometry assays that maintain the physiological integrity of ApoE-A␤ complexes, we systematically assessed the association of A␤ with ApoE2, E3, or E4. We used ApoE secreted from HEK cells or astrocytes overexpressing ApoE fused with a GFP tag. As a source of soluble A␤ peptide, we used synthetic A␤40 or A␤42 or physiological A␤ secreted from CHO cell lines overexpressing WT or V717F variant amyloid precursor protein (APP). We observed significant interactions between the different ApoE isoforms and A␤, with E4 interacting with A␤ more strongly than the E2 and E3 isoforms. We also found subtle differences depending on the A␤ type and the ApoE-producing cell type. In conclusion, these results indicate that the strength of the ApoE-A␤ association depends on the source of A␤ or ApoE.
Apolipoprotein E (ApoE) 4 is an apolipoprotein that is mainly secreted from astrocytes within the brain and liver cells in the periphery. In humans, ApoE exists in three isoforms: E2, E3, and E4. It has been found that E4 increases the risk for development of Alzheimer's disease (AD), whereas E2 has a protective role and E3 a neutral effect (1) . Conversely, E2 has been associated with an increased risk for hyperlipidemia (2) . Although the genetic data suggesting an association between ApoE genotype and risk for development of AD is strong, the mechanism underlying this association is unknown. It has been suggested that structural differences caused by the Cys-Arg interchanges at positions 112 and 158 affecting the conformation and lipidation of ApoE could be responsible for the differential effect of the isoforms on disease risk (3, 4) .
There is a lot of evidence suggesting that ApoE genotype influences the aggregation and deposition of ␤-amyloid (A␤) in the form of plaques. It has been shown that AD patients with an E4 allele have a higher burden of A␤ plaques in the brain compared with carriers of an E3 or E2 allele (5) (6) (7) . A similar effect has also been observed in transgenic mouse models (8) . In addition, in vivo studies have shown that gene therapy leading to overexpression of E2 within the brains of APP/PS1 transgenic mice leads to a reduction of A␤ plaque size (9) . Plaque formation is also greatly reduced in APP transgenic mice with ApoE knockout (10) . A similar effect has also been seen when treating mice with an anti-ApoE antibody in vivo (11, 12) .
To decipher the mechanism underlying those observations, the formation of complexes between ApoE and soluble A␤ has been studied extensively. However, the results have been controversial (13, 14) . Several studies have found that A␤ binds to cell-secreted cerebrospinal fluid-or plasmaderived ApoE (15) (16) (17) . However, other studies have concluded that ApoE-A␤ interactions are minimal and thus do not have an important role in the pathogenesis of AD (18) . These discrepancies have been attributed to the different methods used to isolate ApoE-A␤ complexes in each study (13, 14) . In addition, some studies have suggested that the strength of A␤-ApoE association is isoform-specific, although they do not agree on the directionality of the association (17, 19 -23) ; other studies have not found a difference between isoforms (24 -26) . Similarly, the study of ApoE-induced oligomerization of A␤ has given inconsistent results, as some studies have indicated an increase in oligomerization (27) and others a decrease (28, 29) in the presence of ApoE. These controversies have been previously reviewed in detail (13, 14) .
Given the uncertainty surrounding the ApoE-A␤ interactions, we decided to study this topic systematically using a novel flow cytometry-based assay that maintains the physiological integrity of ApoE-A␤ complexes. We aimed to determine whether ApoE associated with soluble A␤ and whether there were isoform-specific differences in ApoE-A␤ complex formation. As a secondary aim, we sought to assess whether the cell type of origin of ApoE and the type of A␤ influenced the ApoE-A␤ interactions. We used soluble A␤ from several sources and of several types: synthetic A␤42 and A␤40, physiological A␤ secreted from CHO cells expressing WT A␤ precursor protein (APP), physiological A␤ secreted from CHO cells expressing V717F mutant APP exhibiting an increased A␤42/A␤40 ratio, and A␤ secreted from primary neurons derived from Tg2576 mice carrying the Swedish mutation in APP. As a source of ApoE, we used recombinant ApoE and physiological HEK cell-and astrocyte-secreted ApoE. The results from those experiments showed that, in general, ApoE associated with A␤ and followed a directional pattern of E2 Ͻ E3 Ͻ E4. E4 was the isoform that associated the strongest with A␤, E2 associated less strongly, and E3 associated at intermediate levels. Differences were seen between HEK-and astrocytesecreted ApoE and between the various types of A␤ studied.
Results

Secreted ApoE interacts with synthetic A␤42 and A␤40
As a first step, we assessed whether synthetic A␤ can interact with ApoE and whether there are any isoform-specific differences in the interaction. Previous studies have shown that synthetic A␤ can form complexes with ApoE from a variety of sources, such as cell-secreted in tissue culture (15) and human ApoE isolated from cerebrospinal fluid (16) or plasma (17) . We used synthetic A␤42 and A␤40 to see whether there was a difference in the interaction with ApoE between the two forms. As a source of ApoE, we used physiological HEK-and astrocytesecreted ApoE fused to a GFP tag. Study of peripheral ApoE is important, as it has been suggested that it can cross the bloodbrain barrier (30, 31) .
Conditioned medium (CM) from HEK cells or astrocytes transfected with ApoE was attached overnight to Dynabeads. The following day, either synthetic A␤42 or synthetic A␤40 fused to the 647Hilyte fluorophore was added to each sample and incubated for 5.5 h before flow cytometry ( Fig. 1A) . To determine whether A␤ associates preferentially with ApoE, the mean fluorescence intensity (MFI) of 647Hilyte-A␤ was compared between ApoEϩ and ApoEϪ populations within each sample. Indeed, the MFIs for 647Hilyte-A␤ were higher in ApoEϩ populations compared with ApoEϪ populations for all ApoE isoforms secreted from HEK cells and astrocytes ( Fig. S1 , A-D).
Next, we assessed whether there are isoform-specific differences in the interaction between ApoE and A␤. To study this aspect of ApoE biology, we determined the ratio of 647Hilyte-A␤ MFI to ApoE-GFP MFI for each ApoE isoform to approximate the number of A␤ molecules attached to each ApoE particle. For HEK-secreted ApoE, we found that E4 interacted more strongly than E2 and E3 with A␤42, but no statistically significant differences between isoforms were seen in terms of interaction with A␤40 ( Fig. 1B) . For astrocyte-secreted ApoE, E4 interacted more strongly than E2 and E3 with both A␤42 and A␤40 (Fig. 1C ).
Size exclusion chromatography (SEC)-based characterization of synthetic A␤ complexes formed at the concentration used in our experiments showed that A␤42 forms complexes of higher molecular weight compared with A␤40 ( Fig. 1, D and E) . Representative scatterplots and fluorescence plots derived from a flow cytometry experiment are shown in Fig. 1 , F and G.
Physiological A␤ produced from cell lines overexpressing WT or mutant APP interacts with HEK-secreted ApoE in vitro
Even though it has been consistently shown that ApoE can interact with synthetic A␤, the results have been controversial regarding the interactions of ApoE with physiological A␤; some studies have shown that a significant interaction occurs (15) (16) (17) , whereas others suggest that the interaction is minimal (18) . To study the interactions between ApoE and physiological A␤, we used CM from two CHO cell lines, 7w and 7PA2, overexpressing APP. The use of these cell lines allowed us to study A␤ with two different ratios of A␤42/A␤40. The 7w CHO cell line overexpressed WT APP (32), whereas the 7PA2 CHO cell line overexpressed the V717F mutant APP (33, 34) . It has been shown that, independent of APP mutation status, A␤ is primarily of the A␤40 species, although there is a relative increase of the A␤42 species in the presence of APP mutations (35) (36) (37) . We initially characterized the A␤ species secreted by the 7w and 7PA2 cell lines by size exclusion chromatography. We found that, in both cell lines, A␤ was present mainly in lowmolecular-mass complexes, although the distribution ranged from 7-75 kDa (Fig. 2, A and B) . This is consistent with what is seen in A␤ secreted from primary neurons from Tg2576 mice (38, 39) . A␤40 was the main species secreted by both cell lines; however, the A␤42/A␤40 ratio was higher in 7PA2 cells (10 versus 6.5), indicating that A␤42 levels were relatively higher in 7PA2 cells compared with 7w cells (Fig. 2C) , consistent with previous studies (35) .
In this assay, secreted ApoE was attached to Dynabeads for 2 h, followed by overnight incubation with either 7w or 7PA2 CM. The following day, the anti-A␤ 6E10 antibody (recognizing the 1-16 N-terminal amino acids of A␤) conjugated to the fluorescent dye 650Dylight was added to each sample and incubated for 5.5 h before flow cytometry ( Fig. 2D ). CM from cells transfected with a plasmid encoding a fusion protein of A␤42-E3-GFP was used as a positive control. To determine whether physiological A␤ can interact with ApoE, we compared the 650Dylight MFI between GFPϩ (i.e. ApoEϩ) and GFPϪ (i.e. ApoEϪ) populations within the same sample. The GFPϪ beads were used as a negative control because they indicate the background binding of A␤ and 6E10-650 in the absence of ApoE. For all isoforms, ApoEϩ beads had a statistically significantly higher 650Dylight MFI compared with ApoEϪ beads for both 7w and 7PA2 A␤ (Fig. S2 , E and F).
We then calculated the ratios of A␤-6E10-650Dylight MFI to GFP MFI. E4 interacted significantly more than E2 and E3 with 7w and 7PA2 A␤. There was no difference between E2 and E3 in terms of interaction with A␤. The A␤/GFP ratio was higher in the positive control A␤42-E3-GFP compared with E4, E3, and E2 (Fig. 2, E and F) .
The ApoE-A␤ flow cytometry interaction assay robustly and specifically detects ApoE-A␤ interactions
To confirm the results of our experiments on HEK-secreted ApoE, we undertook a series of control experiments. First, it was possible in our assay that the 6E10 antibody disrupted the formation of the ApoE-A␤ complexes because it targets the N terminus of A␤ (amino acids 1-16), which is thought to be the ApoE-binding region. To exclude this possibility, we used the 4G8 antibody to detect A␤ because it targets amino acids 17-24 ( Fig. S2A ). Second, it is possible that using an antibody against A␤ Figure 1 . Assessment of the interaction between ApoE and synthetic A␤ using flow cytometry. A, diagram illustrating the process of the experiment. First, ApoE is attached to Dynabeads. After overnight incubation, synthetic A␤ fused with 647Hilyte is added to the sample, and they are analyzed through flow cytometry 4 h later. B, plot indicating the A␤/ApoE ratios for HEK-secreted ApoE. E4 interacts more strongly with A␤42 compared with E2 and E3. However, this pattern is not present in the case of A␤40. Number of independent experiments: A␤42, 8; A␤40, 6. C, plot indicating the A␤/ApoE ratios for astrocyte-secreted ApoE. E4 interacts more strongly with A␤42 and A␤40 compared with E2 and E3. Number of independent experiments: A␤42, 5; A␤40, 5. D, SEC for synthetic A␤42 shows that it forms medium-to high-molecular-mass complexes ranging from ϳ7-440 kDa. E, SEC for synthetic A␤40 shows primarily low-molecularmass complexes from 5-75 kDa, with little formation of medium-sized complexes. F, forward scatter (FSC) and side scatter (SSC) plots for E2, E3, and E4, indicating that there are no differences between isoforms. G, fluorescence plots for E2, E3, E4, and single-color controls. In these plots, each dot represents the mean value from one independent experiment. The data were normalized to E3 before meta-analysis. Statistical analysis was done with one-way ANOVA with Tukey's post hoc correction. Mean Ϯ S.D. is shown in the plots. **, p Յ 0.01; *, p Յ 0.05.
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can disrupt its conformation and, thus, its interaction capabilities. To test this hypothesis, we transfected HEK cells with a plasmid encoding luciferase-A␤42 and detected A␤ using an anti-luciferase antibody (i.e. the antibody was directed against the tag and not A␤ itself) ( Fig. S2B ). Third, there is also APP present in the 7w and 7PA2 CM, and this could be inadvertently detected by the N-terminal-specific 6E10 antibody. Thus, to rule out the possibility that the results of our assay were modified by the presence of APP in the samples, we transfected HEK cells with a plasmid encoding the complementary DNA of A␤42, incubated this CM with ApoE-GFP attached to Dynabeads, and detected the A␤ using the 6E10-650 antibody (Fig. 2C) . Fourth, we also tested the interaction between ApoE and A␤ secreted from primary neurons from transgenic mice carrying the Swedish mutation in APP (Fig. S2D ). In all of those experiments, E4 inter-acted more strongly than E2 and E3 with A␤, although the difference was not statistically significant.
It is possible that usage of an anti-GFP or an anti-ApoE antibody to capture ApoE on the Dynabeads selects for a specific species of ApoE. To ensure that all biologically relevant ApoE species were represented, we tried a modified version of the assay in which we first attached 7PA2 A␤ to the Dynabeads using the 4G8 antibody. 2 h later, we added ApoE-GFP, and the following day, we added 6E10-650 to detect the A␤ (Fig. S2E ). The results of this experiment showed that A␤ interacted significantly with ApoE (data not shown), but there were no differences between the isoforms (Fig. S2E ). It is possible that A␤ is inactivated by binding to the 4G8 antibody prior to the addition of ApoE to the sample, therefore resulting in no differences between the isoforms. the size of those complexes ranges between 7-75 kDa. C, ratios of A␤42/A␤40 concentrations in the CM of 7w and 7PA2 cell lines. The ratio is higher for the 7PA2 than for the 7w line, suggesting that 7PA2 cells secrete proportionately more A␤42. D, diagram illustrating the process of the experiment. First, ApoE is attached to Dynabeads. 2 h later, CM from the 7w or 7PA2 cell line is added to the ApoE-Dynabead complex. After overnight incubation, the 6E10 anti-A␤ antibody that was first conjugated to 650Dylight is added to the samples and incubated for 5.5 h before flow cytometry. E, plot indicating the A␤/ApoE ratios for HEK-secreted ApoE incubated with 7w CM. E4 interacts more strongly than E2 and E3 with 7w A␤. Number of independent experiments: E2, 24; E3, 24; E4, 23. F, plot indicating the A␤/ApoE ratios for HEK-secreted ApoE incubated with 7PA2 CM. E4 interacts more strongly than E2 and E3 with 7PA2 A␤. Number of independent experiments: E2, 20; E3, 20; E4, 20; A␤42-E3-GFP, 5. In these plots, each dot represents the mean value from one independent experiment. The data were normalized to E3 before meta-analysis. Statistical analysis was done with one-way ANOVA with Tukey's post hoc correction. Mean Ϯ S.D. is shown in the plots *, p Յ 0.05.
We configured the assay so that a minority of the beads would be decorated with ApoE, and the remainder could be used as nonspecific controls in the flow plots within each run. For example, typically fewer than 5% of Dynabeads were positive for ApoE, whereas over 95% of beads were negative for ApoE within a certain sample (Fig. S2F ). Therefore, we decided to use the ApoEϪ beads as an internal negative control to determine the background signal originating from 6E10-650 binding to the beads in the absence of ApoE. To confirm that ApoEϪ beads were indeed equally functional as the ApoEϩ beads, in other words, that they were coated with the anti-ApoE antibody and that they had the potential to bind to ApoE when the protein concentration is higher, we undertook two experiments. First, we performed a serial dilution of ApoE and found that the percentage of ApoEϩ beads was proportional to the decrease in ApoE concentration (Fig. S2G ). Second, we conjugated a goat anti-ApoE antibody to 594Dylight, attached it to Dynabeads, and found that ϳ97% of the beads were positive for the antibody (Fig. S2H ). Therefore, ApoEϪ beads are identical to ApoEϩ beads in terms of functionality and are suitable to use as a control to determine the background signal.
An additional concern in our flow cytometry assay was whether the 650Dylight signal truly originated from the 6E10-650 antibody detecting A␤ that has attached to ApoE or whether it originates from 6E10-650 binding directly to ApoE, thus giving false positive results. To test this possibility, we performed two different experiments in the presence and absence of ApoE. First, we attached 7PA2 A␤ to Dynabeads using the 4G8 antibody; second, we attached ApoE-GFP to Dynabeads using an anti-GFP antibody, followed by adding 7PA2. We then added a concentration gradient of the 6E10-650 antibody and observed, in both situations, an increase in the 650 MFI signal that was commensurate with the increase in 6E10 concentration (Fig. S2, I and J) . Second, we did the same experiments but used a serial dilution of 7PA2 (undiluted, 1:15, 1:35, and 1:50) and a stable concentration of 6E10-650. We observed that the 650 MFI signal decreased proportionately to the A␤ concentration in the experiment without ApoE; however, upon addition of ApoE these results were modified (Fig. S2, I and J) , suggesting that the results of our assay are ApoE-specific.
We used the assay on recombinant E3, which is lipidated differently than physiological ApoE and is thus expected to interact with A␤ differently (40) . Recombinant E3 was detected using the 3H1-488Dylight antibody. The results from this experiment suggested that recombinant ApoE interacts with A␤ ( Fig. S2K ) but at a much smaller degree than physiological ApoE (one significance asterisk versus three significance asterisks when comparing ApoEϩ with ApoEϪ beads) ( Fig.  1, E and F) .
Finally, we wanted to determine whether the 6E10 antibody concentrations used in our experiments were optimal to allow the detection of isoform-specific differences for the interaction between ApoE and A␤. To this end, we tried three different amounts of antibody, 1.25, 3, and 5 g, and found that, although increased concentrations increased the A␤/ApoE ratio, there were no differences in the interaction patterns for each isoform (Fig. S1L ). We therefore decided to continue the experiments with the lowest amount of antibody (1 g).
Astrocyte-secreted ApoE can interact with physiological A␤ in vitro
It has been found previously that astrocyte-secreted ApoE exhibits differences in its lipidation compared with HEK-secreted ApoE. It is also thought that it is a better approximation than HEK-secreted ApoE of brain-derived ApoE (3). We thus studied its interaction with physiological A␤ secreted from CHO cell lines overexpressing WT or V717F mutant APP. Astrocyte-secreted ApoE interacted significantly with both types of A␤ (Fig. S1, G and H) . However, E4 exhibited significantly stronger interactions than E2 only with 7w A␤ but not with 7pa2 A␤ (Fig. 3, A and B) .
It is possible that the presence of the large fluorophore tag on ApoE affects its ability to bind to A␤. We thus tried the assay on ApoE secreted from primary immortalized astrocytes expressing untagged ApoE at endogenous levels (27) . For this experiment, we first attached ApoE to Dynabeads using a goat polyclonal anti-ApoE antibody. 2 h later, we added 7w or 7pa2 A␤ for overnight incubation. The following morning, we added the 3H1-488 antibody to detect ApoE and the 6E10-650 antibody to detect A␤ (Fig. 3C ). All isoforms interacted significantly with both types of A␤ (Fig. S1, I and J) . E2 interacted more strongly than E3 with 7pa2 A␤, but no other differences were observed between the isoforms (Fig. 3, D and E) .
Discussion
Even though there are numerous studies suggesting that the ApoE genotype modifies the deposition of A␤ and plaque formation, with E4 being deleterious and E2 protective, the mechanism underlying this phenomenon is not clear. It has been hypothesized that direct interaction of A␤ with ApoE and the formation of ApoE-A␤ complexes are important components of this procedure. However, studies to date have given conflicting results; some have indicated that ApoE interacts with A␤ in an isoform-specific way, whereas others have not seen isoformspecific differences or have found only evidence of minimal interaction. To systematically examine the ApoE-A␤ interactions, we have developed a novel flow cytometry assay that does not include treatments and steps that could modify the physiological integrity of A␤-ApoE complexes formed in vitro. As a source of A␤, we used synthetic A␤42 and A␤40 as well as physiological A␤ secreted from cells overexpressing WT or mutant APP, giving us the opportunity to assess the effect of A␤ with different A␤42/A␤40 ratios. As a source of ApoE, we used physiological ApoE secreted from HEK cells or astrocytes. Using these assays, we demonstrated the following: physiological ApoE can interact significantly with physiological and synthetic A␤; synthetic ApoE can interact only minimally with physiological A␤; the strength of the interaction between ApoE and A␤ is isoform-dependent, in general with E4 exhibiting the strongest interactions but with E2 and E3 exhibiting weaker interactions; and there are differences in A␤-ApoE interactions, depending on whether ApoE is secreted from HEK cells or astrocytes.
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Our data indicate that there is great variability in ApoE-A␤ interactions that depend on the isoform of ApoE, the cell type of ApoE origin, the origin of A␤, and the type of A␤. This diversity could explain the discrepancies in previous studies that used various methods to isolate and examine the ApoE-A␤ com-plexes. Specifically, we found that astrocyte-secreted ApoE interacted significantly with synthetic A␤40 and A␤42 A␤ and that E4 interacted more strongly compared with E3 and E2. Three previous studies have assessed the same combination of ApoE and A␤ (18, 27, 41) . Hashimoto et al. (27) found that 16 . C, illustration of the process for the flow cytometry assay on untagged ApoE. ApoE is attached to Dynabeads using a goat anti-ApoE antibody. 2 h later, A␤ is added to the sample for overnight incubation. The following day, the 3H1-488 and the 6E10-650 antibodies are added to each sample. D, plot indicating the A␤/ApoE ratios for astrocyte-secreted untagged ApoE incubated with 7w CM. There are no significant differences between the isoforms. Number of independent experiments: E2, 6; E3, 6; E4, 6. E, plot indicating the A␤/ApoE ratios for astrocyte-secreted untagged ApoE incubated with 7PA2 CM. E2 interacts more strongly than E3 with A␤. Number of independent experiments: E2, 6; E3, 6; E4, 6. In all samples, the concentrations of ApoE and A␤ were as described for the HEK experiments. In these plots, each dot represents the mean value from one independent experiment. The data were normalized to E3 before meta-analysis. Statistical analysis was done with one-way ANOVA with Tukey's post hoc correction. E2, E3, E4, and the negative control were included in the statistical analysis, which was done for each type of A␤ separately. Mean Ϯ S.D. is shown in the plots. **, p Յ 0.01; *, p Յ 0.05.
ApoE increases the fibrilization of A␤ in an isoform specific way (E2 Ͻ E3 Ͻ E4), which is consistent with our current data. Verghese et al. (18) did not find a difference between E3 and E4, which associated only minimally with A␤. Morikawa et al. (41) found that the results depended on the type of Western blotting (WB) used, with E3 associating more than E4 with A␤ on reducing WB but with no differences between isoforms when nonreducing WB was used.
In our study, HEK-secreted ApoE associated with synthetic A␤42 and A␤40; however, E4 interacted more strongly than E2 and E3 only with A␤42 but not A␤40. Five studies have previously assessed the A␤-ApoE interactions using HEKsecreted ApoE and synthetic A␤ (15, 19, (42) (43) (44) . Tai et al. (19) found no differences between the isoforms. LaDu et al. (15, 42) , Bentley et al. (43) , and Manelli et al. (44) found that E3 forms stronger interactions than E4 with A␤. Given the variability in the results among the studies, it is possible that the association between HEK-secreted ApoE and synthetic A␤ is more stochastic in nature, given the nonphysiological nature of A␤.
The only study to date that has studied the interaction between physiological A␤ and physiological ApoE is by Verghese et al. (18) . In this study, the authors used A␤ secreted from H4 cells expressing APP with the Swedish mutation or CHO cells expressing the V717F APP mutation (7PA2 line) and ApoE secreted from primary immortalized astrocytes derived from mice with targeted replacement of murine ApoE with human ApoE (41) . They measured, through ELISA, the amount of A␤ bound and unbound to ApoE in the density distribution of ApoE and A␤ following density gradient centrifugation. The results, which were also confirmed through SEC experiments, showed that the association between ApoE and A␤ is minimal and that there are no differences between the isoforms. However, we observed significant interactions between astrocytesecreted ApoE and physiological A␤ using our flow cytometry assay. We also found that E4 associated more strongly than E2 with 7w A␤. It is possible that the discrepancies are because we used a different method to isolate and examine the ApoE-A␤ complexes than Verghese et al., in that the centrifugation separation and isolation steps may have disrupted complexes that remained intact in the flow cytometry assay, which lacks these steps.
The consensus from all the studies to date is that ApoE interacts with A␤, albeit to variable degrees and patterns. We have shown previously that HEK-and astrocyte-secreted E4 has a more closed conformation relative to E2 and E3 and it is more lipidated, and we hypothesized that the increased lipidation of E4 acts as a folding chaperone (3) . It is possible that these two features can also increase the propensity of E4 to bind to A␤ through formation of a hydrophobic binding pocket. It is also possible that ApoE influences the deposition of A␤ without direct binding but through modulation of common receptors (18) or other mechanisms. It could also be that the modulation of A␤ aggregation occurs through a combination of those mechanisms. More studies are needed to understand the complex relationship between ApoE and A␤. In addition, future studies should assess in more detail whether specific types of A␤ differentially interact with ApoE, which could also be a fac-tor contributing to variable results between studies. We have already noted differences between A␤40 and A␤42 and between A␤ secreted from cells expressing WT versus mutant APP. Other A␤ species that could be assessed in the future include truncated A␤, lowversus high-molecular-weight complexes, and aggregated versus nonaggregated A␤.
In conclusion, it appears that A␤ can form complexes with secreted ApoE and that the structure of those complexes depends on the ApoE isoform, on the source of ApoE, and on the type of A␤. It is possible that the formation of A␤-ApoE complexes has a role in the pathogenesis of AD and constitutes a possible target of drugs attempting to modify the course of the disease. We speculate that ApoE conformation, lipidation, intermolecular interactions, and ability to interact with A␤ are interconnected features that are modulated during the pathogenesis of AD in an isoform-specific manner, with the contribution of independent modifying factors, such as receptor binding, to the process.
Experimental procedures
Tissue culture and transfections
HEK293 cells were maintained in OMEM (31985-088, Thermo Fisher), 5% fetal bovine serum (FBS) (16000044, Thermo Fisher), 100 units/ml penicillin, and 100 g/ml streptomycin (15140122, Thermo Fisher). Primary immortalized astrocytes with ApoE knockout (27) were maintained in advanced DMEM (12491-015, Thermo Fisher), 10% FBS, 2 mM GlutaMAX (35050061, Thermo Fisher), and 100 g/ml Geneticin (10131035, Thermo Fisher). WT CHO cells were maintained in DMEM, 10% FBS, 2 mM GlutaMAX, 100 g/ml penicillin, and 100 g/ml streptomycin. The CHO cell lines 7w and 7PA2 were used as a source of A␤. 7w CHO cells (32) were maintained in OMEM, 5% FBS, and 200 g/ml Geneticin, and 7PA2 cells (33, 34) were maintained in DMEM, 10% FBS, 150 g/ml Geneticin, and 2 mM GlutaMAX.
HEK cells and astrocytes were plated in T75 flasks and transfected with ApoE2/3/4 tagged on either their C or N termini with GFP. The location of the tag did not affect the results (data not shown). Plasmids with the tag placed on the same terminus were used within each independent experiment. Cells were also transfected with a plasmid encoding untagged ApoE, and these CM samples were used as a basis for the single-color controls, as described below. The cloning of those plasmids has been described previously (3) . Transfections were done using Lipofectamine 2000 as described previously (3) . After transfection, HEK cells were fed with OMEM without phenol and 5% FBS and incubated for 3 days; the astrocytes were fed with DMEM without phenol, 10% FBS, and 2 mM GlutaMAX and incubated for 3 days.
Generation of CM from primary neurons from transgenic mice
Tg2576 male mice (Taconic Farms), which are heterozygous for the APP Swedish mutation and overexpress the protein under the PrP promoter, were bred with littermate females. Primary neuronal cultures were established at embryonic day 16 in 35-mm glass-bottom dishes, as described previously (39, 45) . The conditioned medium was collected on the 14 th day in vitro.
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Measurement of ApoE and A␤ concentrations in the CM
The concentration of A␤ was measured using an A␤ ELISA kit (294-64701, Wako). The concentration of ApoE was measured using a commercial ELISA kit (KA-1031, Abnova).
ApoE-A␤ flow cytometry interaction assay
The CM from cells overexpressing GFP-tagged ApoE was collected after incubation for 3 days and centrifuged at 1500 rpm for 10 min to pellet floating cells. The supernatant was then concentrated down 15-fold using 10-kDa concentration columns (UFC901024, Millipore). Subsequently, the CM containing the GFP-tagged ApoE was attached to Dynabeads protein G (10007D, Thermo Fisher) using 1 g of an anti-GFP antibody (AB6556, Abcam). The samples were then rotated at 4°C. The procedure has been described previously in detail (3) . Thereafter, three different variants of the assay were developed, depending on the origin of the soluble A␤ used.
For analysis of 7w and 7PA2 CHO-secreted A␤ and A␤ secreted from HEK cells transfected with a plasmid encoding pure A␤42, the CM from those cell lines was collected after 3 days and concentrated down 15-fold. CM from Tg2576 cells was used unconcentrated and prepared as described above. 300 l of each aforementioned sample containing ApoE plus Dynabeads was aliquoted after rotation for 2 h. 100 l of A␤-containing CM was added thereafter. Rotation then continued overnight at 4°C. In the morning, 1.25 g of 6E10 antibody (SIG-39320, Biolegend) conjugated with Dylight650 (62265, Invitrogen) was added to each sample, and they were rotated for another 5.5 h. In a separate set of experiments, the 4G8 antibody (SIG-39220, Biolegend) conjugated to 650Dylight was also used for the detection of bound A␤. The conjugation of antibodies to Dylight has been described previously (3) . As single color controls, ApoE that was singly tagged with GFP and untagged ApoEϩDynabeads that were incubated with 6E10-Dylight650 were used. The combination of GFP and far-red fluorophores was selected to minimize bleedthrough.
In the second version of the assay, synthetic A␤ (1-42) HiLyte Fluor 647-labeled (AS-64161, AnaSpec) or A␤ (1-40) HiLyte Fluor 647-labeled (AS-60493, AnaSpec) was reconstituted in 100 l of DMSO to a stock concentration of 1 g/l in low-retention tubes, pipetted for 10 min at room temperature, aliquoted, and frozen overnight at Ϫ20°C. The stock was used within a few days and was never thawed more than once. Synthetic A␤ was added at a final concentration of 0.03 g/l to the ApoE-GFPϩDynabead samples after overnight incubation. The samples were rotated at 4°C for 4 h only to prevent aggregation of A␤ and quenching of its fluorescent tag (46) .
In the third version of the assay, 600 l of 7PA2 CM that was prepared as described previously described was attached to Dynabeads using 3 g of the 4G8 antibody. 2 h later, 100 l of that sample was mixed with 300 l of ApoE-GFP CM that was prepared as described above. After overnight incubation, 1.25 g of the 6E10-650 antibody were added to each sample. The samples were analyzed through flow cytometry ϳ5 h later.
The concentrations of ApoE and A␤ used in this experiment are listed in Table S1 . Schematic illustrations of the assays are provided in Figs. 1A and 2D and Figs. 2E and S3.
Flow cytometry measurements were performed using a custom Fortessa instrument (BD Biosciences). For detection of GFP fluorescence, a 488-nm laser and a 525/50-nm emission filter were used. For detection of 650Dylight and 647Hilyte fluorescence, a 640-nm laser and a 670/14-nm emission filter were used. Approximately 1,000,000 events were recorded for each sample. Voltages and compensations were adjusted using the single-color controls on the APC/FITC plot with the biexponential display. The gates for the green and far-red fluorescence were determined using the opposite single-color control on the fluorescence/side scatter-A plot.
For data analysis, Flowing Software 2 was used. The MFI of the far-red dye was determined in the GFPϩ and GFPϪ populations. The MFI of GFP was determined in the ApoEϩ population. The ratio of A␤ to ApoE was determined using the following formula:
͓MFI Dye650 ApoE(ϩ) ͔ Ϫ ͓MFI Dye650 ApoE(Ϫ) ͔ ͓MFI GFP ApoE(ϩ) ͔ (Eq. 1)
ApoE-A␤ flow cytometry interaction assay on untagged ApoE
CM from primary immortalized astrocytes expressing E2, E3, or E4 at physiological levels (27) was collected after 3 days of incubation in DMEM without phenol, 10% FBS, and 2 mM GlutaMAX and was prepared as described above. Recombinant human E3 protein (4144-AE-500, R&D Systems) was diluted to 1 g/ml in PBS without calcium and magnesium, 300 l of this suspension was attached to 25 l of protein G Dynabeads using 4 l of a goat anti-ApoE polyclonal antibody (AB947, Millipore). 2 h later, 100 l of 7PA2 or 7w CM was added to each sample. The following morning, 3.3 g of the 3H1 antibody against the C terminus of ApoE (47) that was conjugated to 488Dylight and 1.25 g of the 6E10-650 antibody were added to the sample. The samples were analyzed through flow cytometry after incubation for 5 h. A schematic illustration of this assay is provided in Fig. 3C .
SEC
The 7w CHO and 7PA2 cell line CM was prepared as described in the previous section. Prior to the SEC experiment, the CM was centrifuged at 10,000 ϫ g for 10 min, and the supernatant was collected. A Superdex75 column (GE Healthcare) was used for SEC. The samples were separated in 50 mM ammonium acetate (pH 8.5) at a flow rate of 0.5 ml/min. 400 l of CM was used as starting material. The samples from two neighboring fractions were pooled, and the concentrations of A␤40 and A␤42 were determined using A␤40-specific (292-62301, Wako) and A␤42-specific (290-62601, Wako) ELISAs (48) .
Statistical analysis
All experiments were performed independently at least three times. For each sample within the same experiment, the mean value was determined. Then, the values from each sample were normalized internally prior to meta-analysis of the data from independent experiments. Thus, one sample in each plot does not have error bars. Each dot on the plots represents the mean value for one sample/condition from one independent experiment. Statistical analysis was completed using GraphPad Prism
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